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METHODS OF DETERMINING THE ORIENTATIONS OF BEDROCK 
FRACTURE SYSTEMS IN SOUTHWESTERN PENNSYLVANIA 
AND NORTHERN WEST VIRGINIA 
by 
B. M. ~ e n c h , '  W. P. Diarnond,l and C. M. McCulloch 1 
ABSTRACT 
This Bureau of Mines r e p o r t  de sc r ibes  photolineaments ob ta ined  from 
s t e r eoscop ic  examination of v e r t i c a l  a e r i a l  photographs and by t h e  Ronchi 
g r a t i n g  s tudy  of  a e r i a l  photoindex s h e e t s .  The photolineaments a r e  compared 
wi th  t h e  t r e n d s  of o r i e n t e d  f r a c t u r e  systems procured by measuring the  compass 
d i r e c t i o n  of j o i n t s  i n  bedrock. The r e l a t i v e  r e l i a b i l i t y  of the  methods i s  
shown, and t h e  r e s u l t s  a r e  presen ted  i n  g r a p h i c a l ,  t a b u l a r ,  and w r i t t e n  form. 
Analyses of f i e l d  measurements of s t r i k e s  of bedrock j o i n t s  i n  the  p ro j -  
e c t  a r ea  i n d i c a t e  f o r  t he  most p a r t  two i n t e r s e c t i n g  s e t s  of major j o i n t s  
o r i e n t e d  N 76" W - N 15" E ,  and N 57" W - N 27" E .  The ana lyses  of l ineaments 
determined by s t e r eoscop ic  examination of a e r i a l  photographs show dominant 
t r ends  of l ineament zones of weakness t o  be an  average of N 65" W - N 20" E .  
Analys i s  of l ineaments found by Ronchi g r i d  viewing of a e r i a l  photoindex 
shee t s  i n d i c a t e  dominant t r ends  of N 70" W - N 27" E .  The t h r e e  methods g ive  
s i m i l a r  f i nd ings  and v e r i f y  the  work of previous au tho r s .  
The Ronchi g r i d  method i s  a u s e f u l  gu ide ,  bu t  i t  cannot be s u b s t i t u t e d  
f o r  t h e  two more pa ins t ak ing  methods. 
INTRODUCTION 
The p r o j e c t  inc ludes  Washington and Greene Counties and p a r t s  of 
Allegheny and Fayet t e  Counties i n  southwestern Pennsylvania , and Monongalia 
and Marion Counties and p a r t s  of Wetzel ,  P re s ton ,  Tay lo r ,  and Harr i son  
Counties i n  no r the rn  West V i rg in i a .  About 65 p c t  of the  t o t a l  p r o j e c t  a r e a  
i s  i n  Pennsylvania ,  and 35 p c t  i s  i n  West V i r g i n i a .  This a r e a  of about 2,200 
square mi les  i s  c w e r e d  by t h i r t y - n i n e  7-1/2-min quadrangles i n  t he  gene ra l  
r ec t angu la r  r e g i o n ,  33 mi les  e a s t  t o  west and 69 mi les  no r th  t o  south  ( f i g .  1 ) .  
The e n t i r e  p r o j e c t  i s  w i t h i n  t h e  Appalachian P l a t eau  province.  
' ~ e o l o ~ i s t .  
A l l  au thors  a r e  w i th  the  P i t t sbu rgh  Mining and Sa fe ty  Research Cen te r ,  
P i t t s b u r g h ,  Pa. 
80" 30' 00" 79" 5 2' 30" 
I n  the  project  a r ea ,  
lineaments a re  important 
because they represent  the 
s i gn i f i c i an t  l ines  of land- 
scape. The lineaments are 
generally r e c t i l i n e a r  and 
sometimes reveal  the s t ruc-  
tu re  of the  basement rock. 
They a re  frequently surface 
expressions of f rac tur ing 
and jo int ing t ha t  can be 
re la ted  t o  tec tonic  forces 
and observed on a e r i a l  photo- 
graphs and other remote 
sensing images. These 
features  a r e  s ign i f i can t  i n  
the  study of areas of under- 
ground coal mining since 
they indicate  pat terns  of 
Study area underlain 
by Pittsburgh coalbed weakness t h a t  may extend 
i n t o  the subsurface coalbeds. 
The presence of lineaments 
has a d i r ec t  re la t ionship  t o  
0 5 10 I 5  k~lometers 
S c a l e  and thus has a bearing on 
mining problems including 
roof i n s t a b i l i t y  ( 3 ,  - 7 ,  - 1 0 ) ~  
and the emission 07 methane 
gas (3,  2-89 11). 
The measurements of 
surface jo in t s  i s  a proce- 
dure t ha t  i s  sometimes 
applicable i n  analyzing 
tec tonic  forces such as 
those of the Appalachian 
orogeny t ha t  af fected 
various areas and produced 
s t r uc tu r a l  t rends.  The use 
FIGURE 1. - Map of the proiect area and the portion of aerial photographs pro- 
underlain by the P i t t sbu rgh  coalbed. vides a supplementary check 
system with a broad overa l l  view. Aer ia l  photographs permit examination of 
inaccessible t e r r a i n  f o r  lineaments t h a t  could be located i n  the f i e l d  only by 
g rea t  expenditure of time and e f f o r t .  The i n t e rp r e t a t i on  of a e r i a l  photo- 
graphs a l s o  has the advantage of being independent of weather conditions. 
2Underlined numbers i n  parentheses r e f e r  t o  the l i s t  of references preceding 
the appendix. 
A n t i c l i n a l  and s y n c l i n a l  s t r u c t u r e s  i n  t he  bedrock of t he  p r o j e c t  a r e a  
have a  gene ra l  t rend  of N 25O t o  30° E. F i e l d  measurements of f ace  c l e a t  
o r i e n t a t i o n s  of coa l  i n  underground c o a l  mines denote a  gradual  v a r i a t i o n  i n  
d i r e c t i o n  from N 76' W i n  t h e  southern  p a r t  of t h e  a r ea  t o  N 67O W i n  t h e  
no r the rn  po r t i on .  But t  c l e a t  o r i e n t a t i o n s  show a v a r i a t i o n  from N 17O E i n  
t he  southern  p a r t  t o  N 28' E i n  t h e  no r the rn  p a r t  of t h e  p r o j e c t .  I n  t he  
blocky P i t t sbu rgh  c o a l ,  t h e  d i r e c t i o n s  of underground room and p i l l a r  mining 
commonly fo l low the  b u t t  and f ace  c l e a t  d i r e c t i o n s  t o  t ake  advantage of t he  
n a t u r a l  b reak ing  of t h e  c o a l .  
The success  of  mining opera t ions  i s  dependent upon c o s t s .  For t h i s  r ea -  
s o n ,  t h e  de te rmina t ion  of  bedrock f e a t u r e s  t h a t  i n d i c a t e  underground 
cond i t i ons  i s  o f t e n  cons idered  unnecessary.  The c o s t  of such inves t i ga t ions , .  
however, i s  minor compared wi th  t he  b e n e f i t s  der ived .  
The c o s t  of d a t a  f o r  a  p a r t i c u l a r  mining proper ty  would only be a  smal l  
p a r t  of  t h a t  r equ i r ed  f o r  t he  p re sen t  s tudy  i n  t he  Allegheny Pla teau .  Here,  
t he  c o s t s  o r  consu l t i ng  f e e s  f o r  determining t h e  o r i e n t a t i o n s  of bedrock 
f r a c t u r e  systems by t h e  t h r e e  methods a r e  e s t ima ted  a s  fo l lows:  
Method T o t a l  c o s t  
1. Measuring d i r e c t i o n s  of  bedrock j o i n t s  by a  team of  2  men, 
2  days i n  f i e l d ,  and 1 day f o r  t a b u l a t i o n  and a n a l y s i s  of  
d a t a  per  7-1/2-min quadrangle ,  $650. Eva lua t ion  of 39 
quadrangles i n  33 weeks a s  i n  t h i s  r e p o r t .  
S t e r eo  s tudy  f o r  l ineaments on i n f r a r e d  a e r i a l  photographs 
by 1 man, inc lud ing  f i e l d  checking and $110 c o s t  of photo 
coverage pe r  7-1/2-min quadrangle ,  $530. Study of  39 
quadrangles i n  32 weeks. 
Ronchi e v a l u a t i o n  of l ineaments on photoindex s h e e t s  by 1 
man a t  r a t e  of an  a r e a  c w e r i n g  e i g h t  7-112 min quad- 
r ang le s  per  day ,  inc lud ing  a  $40 c o s t  of index shee t s  
and covering e n t i r e  39 quadrangles i n  1 week. 650 
Ronchi i n s p e c t i o n  of photoindex s h e e t s  i s  h e l p f u l  f o r  reconnaissance work 
and co r robora t ion ,  bu t  i t  cannot r ep l ace  t h e  s t e r eoscop ic  s tudy  of l ineaments.  
The work must be confirmed by bedrock-joint  d i r e c t i o n s  i n  the f i e l d  o r  by 
i n f r a r e d  photolineament a n a l y s i s .  
PREVIOUS WORK 
Resu l t s  of t he  s tudy  of l ineaments i n  t h i s  paper were used i n  a  more 
comprehensive s tudy  of t h e  mining geology of t he  P i t t sbu rgh  coalbed (12 ) ,  and 
the  a n a l y t i c a l  techniques f o r  eva lua t ing  t h e  d i r e c t i o n a l  d a t a  were 
publ ished i n  Geology (1) and i n  Bureau of Mines Report of I n v e s t i g a t i o n s  8120 
(2) .  However, space l i m i t a t i o n s  i n  t he se  papers does not  permit  t he  type of 
d i s c u s s i o n  and exp lana t ion  f o r  t he  p re sen t  purpose of de sc r ib ing  and comparing 
t he  methods i n  more d e t a i l .  Although most of the d a t a  and i l l u s t r a t i o n s  used 
were published previous ly  (L-2, l2) they  a r e  included here f o r  convenience. 
Hough (I) published a comprehensive paper on photogeologic techniques f o r  
mapping rock j o i n t s .  The a r e a  of h i s  i n v e s t i g a t i o n  included the  M o r g a n t m  
15-min quadrangle,  t h e  western h a l f  of which i s  w i th in  the s tudy a r e a  of t h i s  
paper.  
Kent and Pillmore (7) conducted a f i e l d  and a e r i a l  photo s tudy of t he  
su r face  f r a c t u r e  system o f  the  P i t t sbu rgh  coalbed a r e a  t o  eva lua te  the  use of  
black-and-white i n f r a r e d  photographs f o r  photolineament surveys and t o  
determine t h e  compass o r i e n t a t i o n  of major j o i n t  s e t s .  I n  a d d i t i o n ,  t h e  s tudy 
included da ta  and geologic f e a t u r e s  of mine roof f a i l u r e .  Kent (6)  made a 
s i m i l a r  s tudy of the  su r face  f r a c t u r e  system of southern  Ashland County, 
Ohio, where t e r r a i n  i s  s i m i l a r  t o  t h a t  of t he  p r o j e c t  a r ea .  
Lattman (2) , i n  h i s  work on nomenclature, d e f i n i t i o n ,  and techniques , 
designated f r a c t u r e  t r a c e s  of l e s s  than  1 mile i n  l eng th  a s  " l i n e a r s , "  and 
those more than  1 mile long a s  "lineaments"; however, i n  t h i s  r e p o r t  a l l  such 
al inements  r ega rd le s s  of length a r e  designated lineaments.  
Nickelsen and Hough (l3) made an extens ive  i n v e s t i g a t i o n  of j o i n t i n g  i n  
the  Appalachian Pla teau  of Pennsylvania. They d iscussed  the  o r i e n t a t i o n  and 
o r i g i n  of j o i n t s  i n  sandstone,  s h a l e ,  and c o a l ,  and a l s o  determined the  
o r i e n t a t i o n s  of major j o i n t s  i n  s h a l e  and of sys temat ic  j o i n t s  i n  coa l .  I n  
a d d i t i o n ,  they  attempted t o  c l a s s i f y  some d i f f e rences  between t h e i r  view of 
j o i n t i n g ,  j o i n t  s e t s ,  and j o i n t  systems and t h e  views of o the r  au thor s .  The 
work of Nickelsen and Hough i s  s u b s t a n t i a t e d  by a Bureau of Mines r e p o r t  (g) 
t h a t  p re sen t s  new methods of  a t t a i n i n g  t h e  same r e s u l t s  of determining 
d i r e c t i o n s  of o r i en ted  f r a c t u r e  systems. 
Roen and F a r r e l  (l5) prepared a s t r u c t u r e  contour map of the  P i t t sburgh  
coalbed ,  southwest Pennsylvania and nor thern  West V i rg in i a .  This very impor- 
t a n t  and u s e f u l  map was cons t ruc ted  on a s c a l e  of 1 t o  125,000 wi th  a contour 
i n t e r v a l  of 100 f e e t .  
FRACTURES AND PHOTOLINEAME NTS 
Frac tu res  include a l l  types of d i s c o n t i n u i t y  t h a t  r e s u l t  from mechanical 
f a i l u r e  i n  rock. They may be produced by e i t h e r  shear  s t r e s s  o r  t e n s i l e  
s t r e s s  and include f a u l t s ,  s h e a r s ,  j o i n t s  and f r a c t u r e  zones. J o i n t s  a r e  
f r a c t u r e s  along which the re  has been no v i s i b l e  movement p a r a l l e l  t o  t h e  j o i n t  
su r face .  Many smal l  i r r e g u l a r  f r a c t u r e s  c u t t i n g  a mass of rock i n  a 
r e l a t i v e l y  r e s t r i c t e d  a r e a  comprise a f r a c t u r e  zone. I n  c o a l ,  j o i n t s  and 
f r a c t u r e s  a r e  termed "c lea ts"  (z) . 
Most rocks a r e  f r ac tu red  i n  varying degrees ,  depending on rock type and 
the  na tu re  of the r eg iona l  and l o c a l  s t r e s s e s  appl ied  t o  t h e  rock. Two or  
more p r i n c i p a l  d i r e c t i o n s  of f r a c t u r i n g  a r e  normally p resen t .  Hough (2) 
and Kent (5-1) determined t h a t  photolineaments a r e  t h e  cumulative e i idence  of 
zones of l i n e a r  weakness accentuated on the  su r face  by e r o s i o n a l  processes.  
They have d i r e c t i o n a l  t rends s i m i l a r  t o  those of the  prominent s e t s  of j o i n t s  
i n  rock outcrops.  The recogni t ion  of photolineaments and t h e i r  c o r r e l a t i o n  
wi th  j o i n t  s e t s  i s  poss ib le  because of the  combined expression of numerous 
p a r a l l e l  j o i n t s  t h a t  a r e  c o l l e c t i v e l y  evident  a s  a  l i n e  o r  f r a c t u r e  b e l t  when 
photographs a r e  viewed s t e reoscop ica l ly  ( 6 ) .  S t r a i g h t  por t ions  of s t reams,  
long s t r a i g h t  v a l l e y s ,  and r ight-angle beids of present  o r  former s tream 
channels o r ig ina t ing  from i n t e r s e c t i n g  f r a c t u r e s  a r e  included wi th in  t h i s  
ca tegory;  they apparent ly  r e s u l t  from lineament zones t h a t  were weakly r e s i s t -  
a n t  t o  e ros ion  along which drainage was concentrated i n  the  i n i t i a l  s t ages  of 
s tream flow (6-7). - - 
The l a r g e r  streams i n  southwestern Pennsylvania and nor thern  West 
Vi rg in ia  have been inc i sed  o r  entrenched a s  much a s  150 f e e t  s ince  g l a c i a l  
t imes (g), i nd ica t ing  r e l a t i v e l y  rapid  removal of overburden. Throughout 
u p l i f t  of the  a r e a ,  these  streams have maintained t h e i r  courses and meanders 
i n  places where they were f i r s t  inf luenced by f r a c t u r e  systems ( f i g .  2 ) .  
Precautions were taken during the  i n t e r p r e t a t i o n  t o  avoid mistaking 
f r a c t u r e  and f a u l t  t r a c e s  caused by v a l l e y  s t r e s s  r e l ease  with s t r u c t u r a l  
l ineaments.  Ferguson (&), i n  h i s  work on f lood c o n t r o l  and dams containing 
locks f o r  navigat ion ,  descr ibes  compression f a u l t s  i n  v a l l e y  bottoms and 
t ens ion  f r a c t u r e s  i n  the  wa l l s .  Such f r a c t u r e s  a r e  mostly v e r t i c a l ,  p a r a l l e l  
t o  the  s t r i k e s  of the v a l l e y s ,  and genera l ly  of l o c a l  and l imi ted  ex ten t .  
Actual j o i n t s  a r e  t o o  small  t o  be seen on photographs ; t h e r e f o r e ,  
i n t e r p r e t a t i o n  of t rends  of s t r u c t u r a l  weakness i s  based on lineament f ea tu res  
be l ieved t o  be r e l a t e d  t o  f r a c t u r e  zones. The passage o r  presence of water  
i n  such zones accentuates  lineaments t h a t  include the following: s t r a i g h t  
p a r t s  of s t reams,  r ight-angle bends i n  streams and r i v e r s  t h a t  appear t o  
r e s u l t  from the  i n t e r s e c t i o n  of two j o i n t  o r  f r a c t u r e  zones, l i n e s  of t r e e s  
t a l l e r  than average,  alinements of vege ta t ion ,  dark zones caused by g rea te r  
than normal moisture concent ra t ion ,  f a i r l y  s t r a i g h t  color-tone d i f f e rences  
i n  open ground, lineament depress ions on s i d e s  o r  tops of d iv ides  , and 
s t r a i g h t  port ions of va l l eys  ( 5 ,  - - 7 ,  - 11). 
Paleogeographic maps (2) i nd ica te  t h a t  no sediments younger than Permian 
have been deposi ted i n  the  region. The same t e c t o n i c  forces  t h a t  produced 
f r a c t u r e s  i n  sedimentary beds now exposed on the  sur face  a r e  believed t o  have 
been respons ib le  f o r  the c l e a t s  i n  the  underlying coalbeds (11). - 
FIGURE 2. - Entrenched meanders, Cross Creek, Avel la quadrangle, Vlashington County, Pa. 
STEREOSCOPIC EXAMINATION OF AERIAL PHOTOGRAPHS 
Photography 
Two types of b lack  and whi te  f i l m  a r e  g e n e r a l l y  used f o r  a e r i a l  photog- 
raphy,  panchromatic and i n f r a r e d .  The s e n s i t i v i t y  of panchromatic f i lms  i s  
excep t iona l ly  good. This  s e n s i t i v i t y  i n su res  t h a t  t h e  f i l m  w i l l  respond t o  
a l l  wavelengths of v i s i b l e  l i g h t ,  and t h a t  a l l  t o n a l  g rada t ion  i n  t h e  o r ig -  
i n a l  scene w i l l  be reproduced. Black-and-white i n f r a r e d  f i l m  i s  r ecep t ive  
t o  r e f l e c t i v e  i n f r a r e d  r a d i a t i o n  i n  a d d i t i o n  t o  the v i s i b l e  spectrum. 
The i n f r a r e d  f i l m  i s  p a r t i c u l a r l y  we l l  s u i t e d  t o  t h e  i n t e r p r e t a t i o n  of 
l ineaments r e l a t e d  t o  s l i g h t  d i f f e r e n c e s  i n  moisture con ten t .  Re la t ive  moist  
a r e a s  such a s  f r a c t u r e  zones appear dark i n  t he  images. Water photographs 
j e t  b l ack  because i t  absorbs almost a l l  t h e  r a d i a n t  energy of i n f r a r e d  
wavelengths ( f i g .  3 ) .  U l t r a v i o l e t  r a d i a t i o n  and b lue  l i g h t  a r e  f i l t e r e d  out  
t o  p e n e t r a t e  haze and t o  achieve h igh  c o n t r a s t  i n  b l ack  and white  tones .  
The c o s t  of b l ack  and white  i n f r a r e d  a e r i a l  photography by p r i v a t e  companies 
i s  n e a r l y  fou r  t imes t h a t  of t he  b lack  and whi te  panchromatic photography 
a v a i l a b l e  from the S o i l  Conservat ion Serv ice .  However, the s u p e r i o r  q u a l i t i e s  
of t h e  i n f r a r e d  f o r  photolineament enhancement and t h e  f a c t o r s  of e a s i e r  
i n t e r p r e t a t i o n  with b e t t e r  r e s u l t s  more than  j u s t i f y  the  c o s t  d i f f e r e n t i a l  
by t h e  savings i n  s a l a r i e s  and t ime.  
Procedure 
The s c a l e  of t he  a e r i a l  photos used i n  t h i s  s tudy  i s  approximately 
1/24,000 ( 1  inch=2,000 f e e t ) ,  s i m i l a r  t o  the s c a l e  of t h e  7-1/2-min topo- 
graphic  shee t s  on which the  d a t a  were p l o t t e d .  Photographs of i n d i v i d u a l  
quadrangles were assembled and ca ta loged  i n  t h e i r  proper p o s i t i o n s .  Approx- 
imate ly  21 photographs cover t h e  a r e a  of one 7-1/2-min quadrangle.  
Fea tures  i d e n t i f i e d  a s  l ineaments were marked on the  photographs wi th  
co lored  p e n c i l s .  Black was used f o r  s t r a i g h t  segments of streams and 
v a l l e y s  be l ieved  t o  have o r ig ina t ed  from d i f f e r e n t i a l  e r o s i o n  along f r a c t u r e  
zones.  These were by f a r  t h e  most common lineaments observed. Less common 
f e a t u r e s ,  such a s  r i gh t - ang le  bends i n  s t ream channels ,  s o i l  tone d i f f e r e n c e s ,  
l i n e a r  dep res s ions ,  and v e g e t a t i o n a l  i n d i c a t o r s  were marked i n  orange. The 
l a s t  t h r e e  f e a t u r e s  a r e  o f t e n  obscured by t h e  c u l t u r a l  development, c o a l  mine 
o p e r a t i o n s ,  f ences ,  powerl ines ,  and p i p e l i n e s ,  p reva len t  i n  t he  a r e a .  
The i n d i v i d u a l  l ineaments marked on the  i n f r a r e d  photographs were 
t r a n s f e r r e d  t o  7-1/2-min topographic quadrangle maps ( f i g .  4 )  and the s t r i k e  
of each lineament was measured wi th  a p r o t r a c t o r  and recorded.  The 
i n d i v i d u a l  measurements f o r  each quadrangle were next  p l o t t e d  on a ro se  
diagram ( f i g .  5)  t o  be used i n  the  a n a l y s i s  of t h e  fundamental o r  or thogonal  
d i r e c t i o n a l  systems. 
FIGURE 3. - Dunkard Creek and coal mine reservoirs, Blacksville quadrangle, Greene County, 
Pa., and Monongalia County, W. Va., proiect area. A ,  Photographed with pan- 
chromatic film in 1958, 
FIGURE 3. - Dunkard Creek and coal mine reservoirs, Blacksvi l le  quadrangle, Greene County, 
Pa., and Monongalia County, W, Va., proiect area. B ,  Photographed with infra- 
red f i lm in 1972. 
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FIGURE 5. - Rose diagram of photolineaments in Mather quadrangle. 
1 Regional S t r u c t u r e  
I n  a d d i t i o n  t o  l ineaments ,  a n  impression of  geologic  s t r u c t u r e  was 
ob ta ined  from the  s t e r eoscop ic  examination of t h e  a e r i a l  photographs.  
S t r u c t u r e  i n  the s tudy  a r e a  shown i n  f i g u r e  6 i s  cha rac t e r i zed  by a  broad 
b a s i n ,  con ta in ing  widely spaced ,  gen t ly  d ipp ing  a n t i c l i n e s  and sync l i n e s .  
Dips a r e  g e n e r a l l y  l e s s  than  lo o r  about 100 f e e t  per  mi l e .  Beds having 
g r e a t e r  d i p  than  t h i s  occur only on t h e  west f l a n k  of  the Chestnut Ridge 
a n t i c  l i n e  i n  R ivesv i l  l e  , Morgantown North,  Morgantown South,  and Gladesvi  lie 
quadrangles .  Actua l  rock exposures i n  t h e  a r e a  a r e  s ca rce  because of f o r e s t  
and s o i l  cover .  The hogback and cues t a  topographic  su r f ace  express ion  of  t h e  
s t r u c t u r e  on t h e  west f l a n k  of t h e  Chestnut  Ridge a n t i c l i n e ,  however, i s  
c l e a r l y  ev iden t  by the  d i p  s lopes  recognized on t h e  photographs ( f i g .  7) .  
Throughout most of t h e  s tudy  a r e a ,  a  gene ra l  impression of  low d i p  
a t t r i b u t e d  t o  n e a r l y  h o r i z o n t a l  beds i s  i n t e r p r e t e d  from sedimentary l a y e r s  
observed a s  t o n a l  c o n t r a s t s  i n  f i e l d s  a long  h i l l s i d e s  and r i d g e s .  I n d i v i d u a l  
beds w i th  s l i g h t l y  d i f f e r e n t  conten ts  of water  and minera l  ma t t e r  r e g i s t e r  on 
i n f r a r e d  f i l m  i n  vary ing  shades of g r ay .  D i s t i n c t  bands of vary ing  i n t e n s i t y  

FIGURE 7. - Dip slopes and horizontal areas in Morgantown South quadrangle, West Virginia. 
a r e  normally continuous r ega rd l e s s  of whether farm plowing i s  up and down 
s lopes  o r  on contour .  Such smal l  d i f f e r e n c e s  cannot be de t ec t ed  i n  the  f i e l d  
where t h e  only s t r u c t u r a l  evidence t o b e  seen  i s  t h e  a t t i t u d e  of rock exposures 
i n  road c u t s ,  and i n  occas iona l  outcrops i n  f i e l d s ,  on s t e e p  s l o p e s ,  o r  i n  
s t ream g u l l i e s .  
The r a d i a l  drainage i n  t h e  south  edge of Mather quadrangle ( f i g .  4) has 
developed i n  a l a r g e  s y n c l i n a l  a r ea  of low d i p s .  The a x i s  of a small  u p l i f t  
extends southward about th ree- four ths  of a mi le  from the  northward curve of 
Muddy c reek .  
RONCHI G R I D  INSPECTION OF PHOTOINDEX SHEETS 
The Ronchi g r i d  i s  a device employed t o  i d e n t i f y  l ineaments occurr ing  
i n  a g iven  d i r e c t i o n  by r e i n f o r c i n g  t h e i r  lengths on a e r i a l  photographs. It 
was used by Pohn (14) according t o  t he  p r i n c i p l e  of d e f r a c t i o n  g r a t i n g  t o  
enhance edge c o n t r a s t  among numerous p a r a l l e l  l i n e s .  The g r i d  c o n s i s t s  of 
a n  optimum number of 200 e q u i d i s t a n t  p a r a l l e l  l i n e s  per  inch  r u l e d  on a square 
of o p t i c a l  g l a s s ,  u sua l ly  
4 by 4 inches i n  s i z e  
Parallel l ines of  200 per inch ruled (fig. ,,. 
on glass 
A Photography 
The Ronchi g r i d  was 
app l i ed  t o  l o c a t e  l ineaments 
on the  photoindex shee t s  
of Washington and Greene 
Counties ,  Pa. , and Monon- 
g a l i a  and Marion Count ies ,  
W .  Va. Photoindex shee t s  
a r e  composed of  i nd iv idua l  
photos ,  u s u a l l y  a t  a s c a l e  
of 1 inch=l  m i l e ,  joined 
toge the r  a t  t h e i r  edges.  
The photoindex shee t s  
a r e  u s u a l l y  made by sh in -  
g l i n g  o r  overlapping a e r i a l  -. - 
photographs along o r  ac ros s  
f l i g h t  l i n e s ,  and the  
assembled index i s  then  
photographica l ly  reduced t o  
a n  appropr i a t e  s c a l e .  The 
photoindex s h e e t s  of t h i s  
B s tudy  were cons t ruc ted  f o r  
the  U.S. Department of 
FIGURE 8. - Diagram of  Ronchi grid. Enhancement of a Agriculture Cmodity 
set of photolineaments takes place when Stab i l i za t ion  Service from 
the Ronchi grid lines are perpendicular to photographs of s c a l e  
the direction of the photolineaments. The 1:20,000 and reduced t o  a 
compass direction of l ine  A-0 w i l l  show s c a l e  of 1/62,500 (17). - 
the bearing of the photolineament set. 
Procedure 
Photoindex shee t s  a r e  gene ra l ly  a t t ached  t o  a  wa l l  o r  o ther  f l a t  v e r t i c a l  
su r face  f o r  convenience i n  viewing. Lineament t rends  a r e  a sce r t a ined  by 
slowly r o t a t i n g  the  Ronchi g r i d  while  viewing an index shee t  from a d i s t ance  
of 2 t o  10 f e e t .  The g r i d  i s  b e s t  he ld  i n s i d e  the  near  focus of the 
e y e s ,  1 t o  2 inches depending on the  viewer 's  v i s i o n  and personal  preference.  
The enhancement of a  s e t  of lineament t rends occurs when the  l i n e s  of t he  
Ronchi g r i d  a r e  perpendicular  t o  the lineaments on the  index s h e e t s .  The 
lineament images seen  through the Ronchi g r i d  d i f f e r  from the  narrow and 
discontinuous s c a t t e r e d  lineaments seen wi th  a  s te reoscope .  The Ronchi images 
tend t o  f i l l  the  index shee t  wi th  r e l a t i v e l y  wide bands s i m i l a r  t o  a  her r ing-  
bone p a t t e r n .  
A reconnaissance viewing of a  shee t  i s  made wi th  the  Ronchi g r i d  t o  
determine the number and gene ra l  s t r i k e  of lineament t rends  and the  r e l a t i v e  
dominance of each t rend  based on image s t r e n g t h .  A c lose  measurement 
of the  s t r i k e  of each t rend  i s  made a f t e r  r o t a t i n g  the  g r i d  back and f o r t h  
t o  def ine  the  most prominent o r  d i s t i n c t  o r i e n t a t i o n  of the  i n t e n s i f i e d  
lineament image. A l i n e  i s  drawn on the  photoindex shee t  t o  i n d i c a t e  the  
s t r i k e  of t h e  t rend  and i s  measured with a  p r o t r a c t o r  and recorded along wi th  
i t s  r e l a t i v e  dominance ( f i g .  9 ) .  
True lineaments c r e a t e  d i f f r a c t i o n  images only i n  the  d i r e c t i o n  of t h e  
lineament i t s e l f ,  but b u i l d i n g s ,  t r e e s ,  and a l l  o the r  f a i r l y  compact ob jec t s  
can f  orm a linements i n  any d i r e c t i o n  the  Ronchi i s  r o t a t e d .  Roads , p ipe l ine  , 
and powerline c l ea r ings  commonly give f a l s e  lineaments t h a t  produce erroneous 
d a t a  i f  not recognized,  or may enhance o r  s t r eng then  v a l i d  t rends  i f  they a r e  
nea r ly  p a r a l l e l  t o  a  t r u e  one. Of p a r t i c u l a r  concern a r e  the  north-south and 
east-west  images formed by the edges of the  ind iv idua l  photographs comprising 
t h e  index s h e e t s .  These f a l s e  lineaments a l s o  r e in fo rce  n a t u r a l  l ineaments 
a c t u a l l y  occurr ing i n  the  same d i r e c t i o n s .  Carefu l  examination of the  photo- 
graphs and index shee t s  without t he  Ronchi g r i d  can e l imina te  most o the r  
erroneous lineament f e a t u r e s .  True l ineaments ,  both s i n g l e  o r  composites of 
many ind iv idua l  p a r a l l e l  f ea tu res  , genera l ly  produce more lengthy and s t ronge r  
images than  those produced by manmade ob jec t s .  
FIGURE 9. - Lineaments determined by Ronchi grid on photoindex sheet NO. 1, Washington 
County, Pa. (l7). 
BEDROCK JOINT DETERMINATION 
J o i n t s  i n  bedrock were measured i n  the  f i e l d  and correc ted  t o  t r u e  nor th  
wi th  a Brunton compass1 i n  the th i r ty -n ine  7-1/2-min quadrangles of the  p ro jec t  
a rea .  A minimum of 100 j o i n t  readings were taken per  quadrangle with an  
average of 120 readings f o r  each quadrangle. No more than 10 readings were 
made a t  a s i n g l e  outcrop. Rock types and q u a l i t y  of jo in t s  were noted a t  
every exposure. 
The data  from each quadrangle were p lo t t ed  individual ly  on rose diagrams 
as  i n  f igure  10 t o  evaluate the p r inc ipa l  d i r e c t i o n a l  t rends .  Figure 11 
shows the  rose diagrams of the bedrock j o i n t  readings from the  individual  
quadrangles assembled i n  t h e i r  proper geographic pos i t ion .  From these  d a t a ,  
a composite rose diagram ( f i g .  12) of bedrock j o i n t  t rends  f o r  the e n t i r e  
s tudy a rea  was constructed by p l o t t i n g  only the  dominant t rends from each 
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Frequency of readings 
FIGURE 10. - Rose diagram of bedrock io in ts  in  the Mather quadrangle. 
i n d i v i d u a l  quadrangle on a s i n g l e  rose  p l o t .  Table A - 1  i n  t he  present  paper 
g ives  t he  averages of the  bedrock j o i n t  o r i e n t a t i o n s  by county.3 
The d i f f e r e n t  t rends  a r e  designated by numbers according t o  t h e i r  d ive r -  
gence from nor th  t o  t h e  northwest ,  and by t h e i r  divergence from nor th  t o  t h e  
n o r t h e a s t .  Trends i n  t he  same v e r t i c a l  column of a group correspond o r  a r e  
c o r r e l a t i v e  through the  s i x  coun t i e s .  Where blank spaces appear ,  no c o r r e -  
sponding t r ends  were found. The order  of dominance of t he  t rends  i s  designated 
by s u p e r s c i p t s  I ,  11, 111, and I V .  
Peaks f o r  the  bedrock j o i n t  and i n f r a r e d  photolineament methods were 
def ined  by comparing the  number of readings comprising each h igh  poin t  on a 
ro se  diagram wi th  the  number of readings i n  t he  ad jacent  5 O  i n t e r v a l .  A 
dec l ine  of one- th i rd  the  number of readings comprising a 5" i n t e r v a l  high 
po in t  was used t o  de f ine  the  l i m i t s  of a n  i n d i v i d u a l  peak. 
3 ~ h e  bedrock j o i n t  readings from indiv idua l  quadrangles a r e  shown i n  appen- 
d i x  B ,  pages 66 t o  68, i n  Bureau of Mines R I  8093. They a r e  l i s t e d  accord- 
ing  t o  count ies  i n  rows of quadrangles from nor th  t o  s o u t h ,  f i g u r e  30 ,  
page 40. Separate  t a b l e s  con ta in  t h e  readings t h a t  a r e  t o  t h e  west of 
no r th  and those t o  t he  e a s t  of  nor th .  
The f i r s t  5 O  i n t e r v a l  on 
each s i d e  con ta in ing  l e s s  t han  
,,, two-thirds  of the  number com- 
p r i s i n g  t h e  h igh  po in t  was no t  
included w i t h i n  the  peak. How- 
e v e r ,  i f  t h e  f i r s t  5' i n t e r v a l  
t o  dec l ine  one- th i rd  the  number 
of  readings of t h e  high po in t  i s  
above the  l i n e  of t he  average 
number of r e a d i n g s ,  and t h e  next  
ad j acen t  5 "  i n t e r v a l  d e c l i n e s  by 
a n  a d d i t i o n a l  one- th i rd  , t h e n  
t h e  f i r s t  5O i n t e r v a l  i s  con- 
s i d e r e d  a s  p a r t  of the peak. 
WASHINGTON COUNTY 
To be included i n  t h e  
a n a l y s i s  of d i r e c t i o n a l  t r ends  , 
t h e  peaks a s  def ined  must 
I 
I Cloysville Prosperity Amity Ellsworth Co 
(1)  extend above the  l i n e  of  the  
/09 -(/~>~-.-f//, /2 average number of r ead ings ,  and - ----; 4 )r 
A/ GREENE COUNTY (2 )  be composed of a t  l e a s t  
I 4 pc t  of t he  t o t a l  number of 
read ings .  A d i f f e r e n c e  of 
10 p c t  i n  t he  number of readings 
was considered s u f f i c i e n t  t o  
a s s i g n  d i f f e r e n t  o rde r s  of 
dominance. The most dominant 
peak was ass igned  the  f i r s t  
I New Freeport Holbrook Ook Forest Gorords Fort Mosontown /26 orde r  of dominance, and t h e  next  /3 7 /30 /09 99 most dominant was second o r d e r ,  
-- --- Pa -- e t c .  
Morgontown Figure  12 i l l u s t r a t e s  t he  
Hundred ' Wodestown Blocksville Osoge North 
WETZEL . /56 d, //7 /43 /2/ /08 presence of t h r e e  r eg iona l  
COUNTY \ - - -- -  MONONGAL I A  t r ends  i n  t he  northwest quadrant  
COUNTY and four  i n  t h e  n o r t h e a s t  
quadrant  ( t a b l e  1 ) .  The number 
South 
d i r e c t l y  above the  d i r e c t i o n a l  
Glover Gop Monnington Gront Town Rivesville 
//5 /87 300 /44\ I28 t r end  i n  t a b l e  1 i s  t h e  order  of 
MARION COUNTY dominance of t h a t  measurement 
i n  r e l a t i o n  t o  t h e  o t h e r s  i n  t he  
8 & -  4 d same group. The orders  of 
~ o l l o c e  65 Lhi:n ~~q~&;rm;;~E$ode~ville - /09 dominance ass igned  t o  the  t r ends  
a r e  determined by t h e  number of 
HARRISON COUNTY 0 7 ml)es 
w measurements comprising the  
143 -Indicates total readings 
peaks t h a t  correspond t o  t he  
0 10 kilometers 
Scale  t r e n d s  on t h e  composite rose  d i a -  
gram. Two o r i e n t a t i o n s ,  N 57O W 
FIGURE 11. - Individual rose diagrams of bedrock and N 7(j0 w in tab le  1 under t he  
joints in  quadrangles of the project West I group,  show equa l ly  
area, s t r o n g  d i r e c t i o n a l  t r ends .  
207 read ings total 
readings 
(5.8) 
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FIGURE 12. - Composite rose diagram of  pr inc ipa l  bedrock io in t  trends. 
TABLE 1. - Principal  bedrock i o i n t  t r ends .  i n  order  
of dominance 
The p r inc ipa l  d i r e c t i o n a l  t rends l i s t e d  i n  t ab le  1 form s i x  fundamental 
or near orthogonal j o i n t  systems, composed of two trends each t h a t  a r e  near 
90" t o  each other  as  follows : 
Sys tems 
1. N 57" W I  and N 27" E" (84" separa t ion) .  
West group 
2. N 57O W '  and N 15" E '  (72" separa t ion) .  
3 .  N 57" W '  and N 37" E '  ' ' (94" separa t ion) .  
I 
N 57" W 
N 76O W 
East  group 
4. N 76" W '  and N 15" E I  (91° separa t ion) .  
111 
N 34" W - 
I 
N 15" E - 
5. N 7 6 " w 1  a n d N 2 7 " ~ "  (103"separa t ion) .  
6. N 34O w ' "  and N 47" E ' "  (81" separa t ion) .  
NOTE.--The supersc r ip t s  i n  Roman numerals ind ica te  the order  of dominance. 
I V  
N 47" E 
o 
I1 
N 27" E 
o 
I11 
N 37" E - 
Two bedrock j o i n t  systems (2 and 4 )  a r e  composed only of j o i n t  s e t s  of 
t he  f i r s t  o rder  of dominance and both systems con ta in  the  N 15O E '  s e t .  
System 4 ,  w i th  a 91° s e p a r a t i o n ,  more c l o s e l y  approaches t h e  fundamental o r  
near  or thogonal  system's 90° sepa ra t ion  than does system 2 with a 72O 
s e p a r a t i o n .  
System 5 a l s o  conta ins  the  N 76O W '  bedrock s e t  but  t h e  eastward compo- 
nent of t h i s  system i s  l e s s  dominant than  t h a t  of system 4 ,  and i t s  divergence 
from an  i d e a l  orthogonal system i s  g r e a t e r .  System 4 i s  thus considered the  
most dominant system conta in ing  the  N 15 E '  and N 76O W '  s e t s .  
The N 1 5 O  E d i r e c t i o n a l  t rend  i s  g iven  the  f i r s t  o rder  of dominance 
because i t  i s  composed of  19 readings compared wi th  15 readings f o r  N 27O E .  
I n  the  rose  diagram ( f i g .  12) , the  N 27O E d i r e c t i o n a l  t r e n d ,  which only spans 
a 5O i n t e r v a l ,  appears more prominent because of i t s  length  and t h e  f l a r i n g  a t  
t he  top;  however, the N 1 5 O  E d i r e c t i o n  spans a l o 0  i n t e r v a l  and a c t u a l l y  con- 
t a i n s  more readings .  The average number of readings per  5 O  i n t e r v a l  i s  5.8. 
Systems 1 and 3 con ta in  a westward bedrock s e t  (N 57O W '  ) of equal  domi- 
nance t o  t h a t  of N 76O W '  i n  system 4. Although both systems have nea r ly  
equal  divergence from an i d e a l  orthogonal o r i e n t a t i o n ,  system 1 wi th  a h igher  
order  of  dominance f o r  t he  eastward s e t  (N 27O El ' ) i s  the  most dominant 
system conta in ing  the  N 57O W '  s e t .  Systems 1 and 4 a r e  the re fo re  determined 
t o  be the  most dominant bedrock systems t h a t  can be pa i red  from the  da ta  i n  
t a b l e  1. 
The eastward t rends  of systems 1 and 4 c l o s e l y  p a r a l l e l  the s t r i k e  of t he  
major s t r u c t u r a l  axes of t he  a r e a ,  and t h e  t r ends  t o  the  west a r e  n e a r l y  pe t -  
pendicular  t o  the  axes.  These systems a r e  thought t o  be d i r e c t l y  r e l a t e d  t o  
t h e  r e g i o n a l  s t r u c t u r a l  deformation. 
The s i x t h  bedrock j o i n t  system (N 34O W '  ' - N 47" E '  " ) may a l s o  be 
r e l a t e d  t o  the  reg ional  s t r u c t u r e ,  even though composed of s e t s  of the t h i r d  
and f o u r t h  order  of dominance and not  o r i en ted  p a r a l l e l  t o  the  c l e a t  d i r ec -  
t i o n s .  This system i s  o r i en ted  a t  approximately 45O t o  the N 76O W' - N 15' E '  
system, which i s  w i th in  the  t h e o r e t i c a l  angle of shears  t o  the  dominant t r ends .  
INFRARED PHOTOLINEAMENT DETERMINATION 
Rose diagrams were prepared f o r  each of the 39 quadrangles using the  da ta  
obtained from examination of i n f r a r e d  photographs. The ind iv idua l  rose  d i a -  
grams a r e  pos i t ioned  i n  t h e i r  proper geographic l o c a t i o n  wi th in  the s tudy a r e a  
i n  f i g u r e  13. The dominant t rends  of a l l  t he  quadranges a r e p l o t t e d o n a  s i n g l e  
composi te rosediagram ( f i g .  14) .  D i rec t iona l  t rends  ar rangedbyrow and c o r r e -  
sponding count ies  from nor th  t o  south  a r e  given i n  the  appendix, t a b l e  A-2. 
Numbered t r ends  a r e  separa ted  i n t o  west and e a s t  d i r e c t i o n a l  groups by t h e i r  
i nc reas ing  divergence from nor th  and not  by t h e i r  order  of dominance. Trends 
w i t h i n  t h e  same v e r t i c a l  column of a group a r e  approximately c o r r e l a t i v e ,  
being c l o s e  t o  the same o r i e n t a t i o n .  
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FIGURE 13. - Ind iv idua l  rose diagrams of photol ineaments 
in  quadrangles o f  the proiect  area. 
Average number of re 
per 5 O  interval (6.5) 
233 readings total 
Frequency o f  readings 
ad ings 
FIGURE 14. - Composite rose diagram of principa 1 infrared photo! ineament trends. 
Figure 14 ind ica t e s  t h e  presence of f i v e  r eg iona l  photolineament t rends  
i n  t h e  northwest quadrant and th ree  i n  the  no r theas t  quadrant.  The order  of 
dominance 05 these  t rends  i s  presented i n  t a b l e  2. 
TABLE 2. - Pr inc ipa l  i n f r a r e d  photolineament t rends,  i n  order  
of dominance 
Indiv idual  photolineament t rends  a r e  pa i red  i n t o  f i v e  fundamental o r  near  
or thogonal  i n f r a r e d  photolineament systems. 
Sys tems 
1. N 65" W '  and N 20" E '  (85" s e p a r a t i o n ) .  
West group 
2. N 79" W '  ' and N 20" El  (99" sepa ra t ion ) .  
3 .  N 79" w ' I '  and N 01" E" (80" sepa ra t ion ) .  
4 .  N 25" W I  ' aand N 75" E l  ' (100" sepa ra t ion ) .  
5 .  N 13" W v  and N 75" E '  (88" sepa ra t ion ) .  
NOTE .--Superscripts i n  Roman numerals i n d i c a t e  order  of dominance. 
I 
I 
N 65" W 
- 
I1 
N 25" W - 
East  group 
I 
N 20" E - 
I11 
N 79" W 
N 40" W 
I1 
N 01" E - 
v 
N 13" W 
o 
I11 
N 75" E 
o 
The f i r s t  i n f r a r e d  photolineament system (N 65" W '  - N 20" E '  ) i s  com- 
posed of t h e  most dominant w e s t e r l y  s e t  and t h e  most dominant e a s t e r l y  s e t .  
This  system i s  q u i t e  s i m i l a r  i n  o r i e n t a t i o n  t o  t h e  most dominant systems ( 1  
and 4 )  pa i r ed  i n  the  bedrock j o i n t  a n a l y s i s .  The N 20' E '  s e t ,  i f  not pa i r ed  
w i t h  N 65O W' , could be pa i r ed  w i th  N 79" W I  ' (system 2) t o  approximate one 
of the  dominant bedrock j o i n t  systems,  bu t  t h i s  system con ta in s  one s e t  of t he  
t h i r d  order  and has a l a r g e r  divergence from 90" than  system 1. The N 79' w " '  
s e t  can a l s o  be pa i r ed  wi th  N 01° E '  ' (system 3) f o r  a n  80" s epa ra t i on .  
System 3 i s  f a i r l y  c l o s e  t o  one of t he  most dominant bedrock j o i n t  systems 
(system 4 ) ;  however, i t  con ta in s  one s e t  of t h e  t h i r d  order  of dominance. 
Systems 4  and 5  a r e  w i t h i n  t he  t h e o r e t i c a l  l i m i t s  f o r  shears  a s s o c i a t e d  
w i t h  t h e  dominant systems. Both of t he se  a r e  composed of a t  l e a s t  one s e t  of 
t h i r d  o r  lower o rde r  of dominance. System 1 i s  judged t o  be the  most dominant 
photolineament sys  tern. No o the r  photolineament sys  tem i s  considered t o  be of 
s i m i l a r  dominance. 
RONCHI G R I D  PHOTOLINEAMENT DETERMINATION 
P r i n c i p a l  d i r e c t i o n a l  t rends  as  i n t e r p r e t e d  from the 13 i n d i v i d u a l  photo- 
index shee t s  of the  a r ea  a r e  p l o t t e d  i n  a composite rose diagram ( f i g .  1 5 ) .  
104 readings total - 
Frequency of  readings 
FIGURE 15. - Composite rose diagram of principal Ronchi ~hotoindex sheet trends. 
D i r e c t i o n a l  d a t a b y  county f r o m n o r t h t o  south  i s  g i v e n i n  t h e  appendix, t a b l e  A-3. 
Numbered t r e n d s  a r e  s epa ra t ed  i n t o  west and e a s t  d i r e c t i o n a l  groups by t h e i r  
i nc reas ing  divergence from nor th  and not  by t h e i r  o rder  of dominance. Trends 
w i t h i n  t h e  same v e r t i c a l  column of a  group a r e  assumed c o r r e l a t i v e .  
The composite r o s e  diagram ( f i g .  15)  shows four  d i r e c t i o n a l  t r ends  t o  the  
west  and four  t o  the  e a s t .  Although t h e  order  of dominance of  the d i r e c t i o n a l  
t r ends  does not s t and  out  c l e a r l y  i n  f i g u r e  1 5 ,  major t rends  were e s t a b l i s h e d  
( t a b l e  3 ) ,  based on t h e  s t r e n g t h  of t h e  a l inements  viewed through t h e  Ronchi 
g r i d .  
TABLE 3 .  - P r i n c i p a l  Ronchi photoindex t r ends  i n  o rde r  of dominance 
The 13 photoindex s h e e t s  used i n  t he  p r o j e c t  cover  Washington and Greene 
Counties  , Pa. , and Monongalia and Marion Counties  , W .  Va. E igh t  t r ends  were 
measured on each shee t .  The i n d i v i d u a l  readings a r e  i nd i ca t ed  on f i g u r e  16 
and i n  t a b l e  4 .  There a r e  13 read ings  f o r  each gene ra l  t r e n d ,  and s i n c e  a l l  
have t he  same number of r ead ings ,  some r e l i a n c e  must be placed on the  v i s u a l  
s t r e n g t h  of the image. The genera l  d i r e c t i o n a l  t rends  of N 70" W and N 27" E  
a r e  very  pronounced i n  viewing wi th  t he  Ronchi g r i d .  
The p r i n c i p a l  d i r e c t i o n a l  t r ends  de l inea t ed  by t h e  Ronchi g r i d  a r e  l i s t e d  
i n  t h e  appendix, t a b l e  A-3, and can  be pa i red  i n t o  f i v e  p o s s i b l e  fundamental 
o r  near  or thogonal  sys  tems : 
West group 
Svs tems 
Eas t  group 
1. N 70" W '  - N 27" E '  (97" s e p a r a t i o n ) .  
2.  N 70" W '  - N 12" E '  ' (82" s e p a r a t i o n ) .  
I V  
N 09" W 
I 
N 27" E 
I 
N 70" W 
3 .  N 23" W I  - N 77" E I  (100' s e p a r a t i o n ) .  
4 .  N 44" W" - N 55' E l v  (99" s e p a r a t i o n ) .  
5. N 09" w I V  - N 77" E l '  (86" s e p a r a t i o n ) .  
I1 
N 77" E 
I1 
N 44' W 
NOTE.--Superscripts i n  Roman numerals i n d i c a t e  order  of dominance. 
I11 
N 23' W 
The most dominant wes t e r ly  t r e n d ,  N 70" W '  , can be pa i r ed  w i th  e i t h e r  
N 27" E '  , the  most dominant e a s t e r l y  t r e n d ,  o r  w i t h  N 12" E I  ' t o  approximate 
n e a r l y  or thognal  systems. The f i r s t  system i s  by f a r  the most dominant of the  
two. The l a s t  t h r e e  Ronchi systems a r e  no t  n e a r l y  a s  dominant a s  system 1, 
b u t  they  have components w i th in  t he  l i m i t s  of t h e  t h e o r e t i c a l  ang le s  f o r  
s h e a r s .  Ronchi photoindex system 1 i s  q u i t e  s i m i l a r  i n  o r i e n t a t i o n  t o  t h e  two 
bedrock systems and a l s o  t o  t h e  s i n g l e  i n f r a r e d  photolineament system judged 
t o  be t h e  most dominant. 
I11 
N 12' E 
I V  
N 55" E  
TABLE 4. - Pr inc ipa l  Ronchi d i rec t ions  on photoindex sheets  
of the p ro jec t  a rea  
Eas t  




3 2 4 
Sheet: 
1.. .. .. . ... 
2. .  .. .. .. .. 
3 . . .  .. .. ... 
4 .......... 
5.  .. . .  .. ... 
Degrees 
separation.. 
Di rec t iona l  
mean ........ 
N 45" W 
N 43" W 
N 44" W 
N 45" W 
N 47" W 
4 
N 45" W A N  
N 7" W 
N 10" W 
N 13" W 
N 9"W 
N 10" W 
6 
N 10°W 
GREE NE COUNTY 
N 19" W 
N 24" W 
N 20" W 
N 28" W 
N 27" W 
9 
N 24" W 
N 67" W 
N 67" W 
N 68O W 
N 70" W 




1.. .. .. .... 
2 .......... 
3 . . .  . . . . .  .. 
4 . .  .. .. .. .. 
Degrees 
separa t ion . .  
D i rec t iona l  
mean.. .... .. 
N 23" E 
N 23" E 
N 18O E 
N 17" E 
N 12" E 
I1 
N 19" E 
N 7" W 
N 1 2 "  W 
N 9" W 
N 5O W 
7 
N 8" W 
MONONGALU COUNTY 
N 30" E 
N 32" E 
N 27" E 
N 34" E 
N 27" E 
7 
N 3 0 ° E  
N 25" W 
N 23" W 
N 20" W 
N 23" W 
5 
N 23" W 
N 51" E 
N 52" E 
N 49" E 
N 50" E 
N 53" E 
Sheet : 
1 .... .. .. .. 
2..  .... .... 
Degrees 
separa t ion . .  
D i rec t iona l  
mean.... .... 
N 72" E 
N 74" E 
N 70" E 
N 77" E 
N 73" E 
N 47" W 
N 43" W 
N 42" W 
N 44" W 
5 
N 42" W 
N 79" E 
N 81" E 
2 
N 80" E 
N l g O  E 
N 26" E 
7 




N 51° E N 7 3 " E  
N 28" E 
N 24" E 
N 21" E 
N 26" E 
7 
N 25O E 
N 5" E 
N 10" E 
5 
N 8" E 
N 8" W 
N 7" W 
1 
N 8" W 
N 42" W 
N 43" W 
1 
N 43" W 
N 60" E 
N 56" E 
4 
N 58" E 
Sheet:  
1.. .. .. .... 
2 .-........ 
Degrees 
separa t ion . .  
D i rec t iona l  
mean.. .. .. .. 
N 68" W 
N 70°W 
N 70" W 
N 67" W 
3 
N 69" W 
N 20" W 
N 23" W 
3 
N 22" W 
N 69" W 
N 70" W 
1 
N 70" W 
N 14" E 
N 10" E 
N 7" E 
N 1 2 "  E 
7 
N 11" E 
N 58" E 
N 56" E 
N 57" E 
N 53" E 
5 
N 56' E 
N 81" E 
N 75" E 
N 77" E 
N 82" E 
7 
N 79" E 
N 8" W 
N 
1 
N 8"  W 
OVERALL 
N 72O W 
1 
N 73O W 
N 28" W 
8 
N 24" W 
7 
N 7 7 " E  
N 4" E 
3 
N 6," E 
N 42" W 
7 ° W N 2 0 0 W N 4 4 0 W N 7 3 0 W N  
2 
N 43" W 
7 
N 55"E  
Degrees 
separa t ion  
between 
count ies . .  . . 
Direc t iona l  
mean ........ 
N 19" E 
2 
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1 
N 78" E 
10 
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FIGURE 16, - Maps of the four-county proiect area showing the eight principal Ronchi 
directions. 
To obtain a p i c to r i a l  view of the trends of the e ight  Ronchi alinements, 
the di rect ions  were plot ted on small maps of a four-county area covering the 
pr incipal  pa r t  of the project  ( f ig .  16). The angles and t h e i r  d i rect ions  a re  
indicated a t  the center of the photoindex sheets i n  each county. The highest  
and lowest azimuths a r e  underlined. On these maps, i t  i s  seen t h a t  the  direc- 
t ions  of the upper l e f t  and the  two lower l e f t  r o t a t e  s l i g h t l y  clockwise from 
south t o  north i n  agreement with the bu t t  c l e a t ,  j o i n t ,  and s t ruc tu r a l  axis  
d i rect ions .  
ANALYSIS OF DIRECTIONAL DATA 
As many a s  e i g h t  d i r e c t i o n a l  t r ends  were e s t a b l i s h e d  by t h e  va r ious  tech-  
niques analyzed.  Analysis  was f a c i l i t a t e d  and made more meaningful by p a i r i n g  
t h e  west  and e a s t  t r ends  i n t o  a l l  pos s ib l e  combinations of p o t e n t i a l  fundamen- 
t a l  o r  near  or thogonal  systems (two t r ends  a t  90" t o  each o t h e r ) .  The funda- 
menta l  o r  near-or thogonal  systems obtained f o r  each technique a r e  l i s t e d  i n  
t a b l e  5 .  
TABLE 5 .  - Fundamental o r  near-or thogonal  r e g i o n a l  systems 
from d i r e c t i o n a l  d a t a  
Data source 
Bedrock j o i n t s  .................... 
Photolineaments (IR photographs) .  . 
groups (west and e a s t )  f o r  each d a t a  source .  
O r i e n t a t i o n  
N 57" W '  N 27" E '  ' 
N 57" W '  N 15" E '  
N 57" W '  N 37" E ' "  
N 76" W '  N 15" E '  
N 76" W '  N 27" E" 








Ronchi photolineaments (photoindex 
s h e e t s ) .  ......................... 
J o i n t s  i n  t h e  bedrock a r e  be l ieved  t o  have r e s u l t e d  from t h e  t e c t o n i c  
s t r e s s e s  and subsequent s t r e s s  adjustments  produced dur ing  t h e  e r o s i o n  and 
unloading t h a t  e f f e c t e d  the  southwestern Pennsylvania and no r the rn  West 
Degrees of 












V i r g i n i a  a r e a ,  according t o  McCulloch and Nickelsen (11-13). Two fundamental 
o r  near  or thogonal  systems of j o i n t s ,  N 76" W '  - N 15"Erand N 57" W '  - 






N 27" E '  ' composed of t he  most dominant t r ends  t o  t h e  west and t o  t h e  e a s t ,  
a r e  t h e  bedrock express ion  of the  p r i n c i p a l  t r e n d s  and poss ib ly  of s t r u c t u r a l  
weakness. The bedrock j o i n t  d a t a  were then  compared wi th  t he  d a t a  der ived  
from t h e  photolineament and Ronchi g r i d  methods. 
N 65" W '  N 20" E '  
N 79" W" ' N 20" E '  
N 7 9 " ~ " '  N O l O E "  
N 25" W '  ' N 75" E '  ' 
N 13" wV N 75" E" ' 
I n  t h e  a n a l y s i s  of both t h e  i n f r a r e d  and Ronchi photolineaments , s e v e r a l  






N 70" W '  N 27" E' 
N 70" W '  N 12" E" ' 
N 2 3 " W " '  N 7 7 " E "  
N 4 4 " W 1 '  N 5 5 " E I V  
N 09" w ' "  N 77" E" 






both  t h e  i n f r a r e d  photo and Ronchi photolineament methods, one each of t h e  
c o r r e l a t i v e  systems (N 65" W'  - N 20" E' , and N 70" W' - N 27" E ' )  a r e  com- 
posed of s e t s  only of t h e  f i r s t  o r d e r ,  and the  o t h e r  systems a r e  composed of 
a t  l e a s t  one s e t  a s  low a s  th i rd-order  of dominance. A l l  i n f r a red  and Ronchi 
photolineament systems t h a t  do not  have s i m i l a r  o r i e n t a t i o n s  t o  the  dominant 
bedrock j o i n t  system a r e  composed of a t  l e a s t  one s e t  conta in ing  a th i rd-order  
dominance. 
Such observat ions can be used t o  formulate a s e t  of procedures t o  be used 
i n  e s t ima t ing  t h e  dominant t rends  of s t r u c t u r a l  weakness from photolineament 
d a t a .  The procedure i s  (1)  determine t h e  r e l a t i v e  dominance of a l l  photo- 
l i n e a r  t r e n d s ,  (2)  p a i r  t h e  t rends  i n t o  a l l  f a i r l y  c l o s e  combinations of 
fundamental o r  near  or thogonal  systems, and (3)  s e l e c t  the  system o r  systems 
composed of one s e t  which i s  t h e  most dominant ( f i r s t  o rde r )  and t h e  o the r  s e t  
which i s  of the  f i r s t  o r  second o r d e r ,  a s  t h e  most l i k e l y  es t imate  of the  
a r e a ' s  dominant t rends  of s t r u c t u r a l  weakness. 
U t i l i z i n g  t h e  procedures proposed and the  da ta  of t h i s  s tudy ,  system 1 of 
the  i n f r a r e d  photolineament and system 1 of the  Ronchi photolineament systems 
a r e  c o r r e l a t i v e  with the  two es t ab l i shed  dominant j o i n t  systems 1 and 4 ,  and 
a r e  thereby accepted a s  es t imators  of d i r e c t i o n s  of s t r u c t u r a l  weakness. I n  
each c a s e ,  the remaining systems a r e  not used because of lack  of dominance. 
The exclus ion  of the  o the r  c o r r e l a t i v e  lineament systems i s  not considered 
p a r t i c u l a r l y  objec t ionable  i n  t h i s  example s ince  the  two dominant bedrock 
j o i n t  systems a r e  separa ted  by l e s s  than  20°. Bedrock j o i n t  systems 1 and 4 
l i s t e d  on t a b l e  1 have a sepa ra t ion  of l g O  i n  the  wes ter ly  d i r e c t i o n  (N 57O W 
t o  N 76O W) and 12O i n  the  e a s t e r l y  d i r e c t i o n  (N 27O E t o  N 15O E) .  
Systems 2 and 3 of the  i n f r a r e d  photolineaments , N 7g0 W' ' ' - N 20° E '  
and N 7g0 W '  ' I  - N 01° E '  ' , and system 2 of Ronchi photolineaments,  N 70° W '  - 
N 12O E l " ,  c o r r e l a t e  moderately w e l l  wi th  system 4 ,  N 76O W 1  - N 15O El of the  
bedrock j o i n t s ,  but  cannot be used a s  e s t ima to r s  because one of the  s e t s  i n  
each case  has a t h i r d  order  of dominance. It i s  important t o  note t h a t  only 
photolineament systems t h a t  a r e  c lose ly  c o r r e l a t i v e  with t h e  two dominant 
bedrock j o i n t  systems a re  chosen a s  e s t i m a t o r s ,  whereas those not  c o r r e l a t i v e  
a r e  excluded because they con ta in  orders  luwer than  I o r  11. 
Even though the  a n a l y s i s  of the  Ronchi phot olineaments c o r r e c t l y  
e s t ima tes  one of the dominant j o i n t  systems under t h e  proposed procedure, the  
confidence i n  t h i s  method i s  luwer than t h a t  of the  i n f r a r e d  photoanalysis .  
This i s  due t o  the  necess i ty  of p a r t l y  determining t h e  dominancy of Ronchi 
t rends  based on a s t r i c t l y  v i s u a l  impression of image "strength" a s  opposed t o  
a more a n a l y t i c a l  approach f o r  the  o t h e r  technique. 
GENERAL DISCUSSION OF JOINTING 
Although j o i n t i n g  occurs i n  many types of rock ,  t he re  i s  some ques t ion  a s  
t o  whether the  g r e a t e s t  number of j o i n t s  i n  c e r t a i n  azimuths a re  d i r e c t  and 
simple ind ica t ions  of s t r u c t u r a l  weakness. The types of rock and the  fo rces  
t h a t  a c t  upon them determine the  j o i n t  systems t h a t  evolve. A massive sand- 
s t o n e ,  s i l t s t o n e ,  o r  arenaceous sha le  may have c h a r a c t e r i s t i c  d i r e c t i o n s  a t  
r e g u l a r  i n t e r v a l s .  A j o i n t  system may have s e t s  t h a t  were developed a t  vary ing  
times under d i f f e r e n t  condi t ions .  A sedimentary rock under compression by 
overburden can develop a s e t  while consol ida t ing .  A j o i n t  s e t  may form by 
r e l e a s e  of pressure  during e ros ion ,  and a t  o t h e r  times through t ens iona l  
movement. I n  folded rocks ,  the  j o i n t  p a t t e r n  can be r e l a t e d  t o  s t r e s s  
d i r e c t i o n s  i n  a  very i r r e g u l a r  manner. 
The conf igura t ion  of f o l d s ,  charac ter  of bedding and l i t ho logy ,  and the  
d i p  of beds a f f e c t  t h e  spacing,  o r i e n t a t i o n ,  and number of j o i n t s .  Drainage 
development a l s o  inf luences  the  types ,  number, and proport ions of lineaments 
a s  we l l  a s  t h e  s i z e  and manner i n  which outcrops a r e  exposed. Furthermore, 
i t  i s  conceivable t h a t  some wel l - jo in ted  rocks a r e  s o  s o f t  and f r i a b l e  t h a t  
no exposures remain t o  measure. 
The p rac t i ce  of combining j o i n t  t rends  of various d i r e c t i o n s  from minor, 
widely s c a t t e r e d  outcrops,  formed a t  d i f f e r e n t  times i n  var ious  types of rocks ,  
may include some i n t r i n s i c  e r r o r ,  e s p e c i a l l y  when considering e f f e c t s  of l o c a l  
condi t ions  and l imi ted  a reas  of weakness wi th in  regional  zones. Some geolo- 
g i s t s  be l ieve  t h a t  j o i n t s  form i n  the process of l i t h i f i c a t i o n  and compaction 
and a r e  not dependent orogenic fo rces .  However, mountain bui ld ing  and d i r ec -  
t i o n a l  t e c t o n i c  forces  such as  provided by the  Appalachian orogeny a r e  bel ieved 
t o  have had a p a r t  i n  the formation of major j o i n t s  s e t s  i n  the  study a rea .  
Pennsylvanian and Permian sediments account f o r  p r a c t i c a l l y  a l l  of the  
bedrock i n  t h e  p ro jec t  a r e a ;  sandstones and s i l t s t o n e s  a r e  t h e  most common. 
The procedure i n  tak ing  j o i n t  measurements was f i r s t  t o  make a reconnaissance 
by automobile of t h e  quadrangle t o  be inves t iga ted  wi th  the  help of ava i l ab le  
geologica l  and topographic maps, not ing outcrops ,  access roads ,  and routes  t o  
be taken. The o r i e n t a t i o n  of every j o i n t  was measured regardless  of promi- 
nence and without s e l e c t i v i t y  i n  d i r e c t i o n .  For an o v e r a l l  eva lua t ion ,  i t  was 
decided t o  include a l l  j o i n t  d i r e c t i o n s ;  perhaps i n  t h i s  way, the  most pro- 
nounced t rends  would emerge. This i s  seemingly what happened, even with the  
d i s p a r i t i e s  and complexities of j o i n t  o r i g i n  and occurrence. The r e s u l t s  
a f t e r  t abu la t ion  and ana lys i s  i n d i c a t e  t rends  of s t r u c t u r a l  weakness t h a t  
appear t o  be dependable i n  the  area  of t h e  Allegheny Plateau.  
CONCLUSIONS 
The th ree  methods described i n  t h i s  paper produced e s s e n t i a l l y  s i m i l a r  
r e s u l t s ,  and these f indings a r e  s u b s t a n t i a l l y  the same a s  those obtained by 
Nickelsen and Hough (13). Data on c l e a t  d i r e c t i o n s  i n  Bureau of Mines 
R I  8093 (12) - and tha tTe te rmined  by Nickelsen and Hough (13) a r e  a l s o  i n  c lose  
agreement. The p r i n c i p a l  bedrock j o i n t s  and zones of weaGess i n  the a r e a  of 
the  Pi t t sburgh coalbed a r e  found t o  be almost p a r a l l e l  t o  the  c l e a t s  i n  the coal-  
beds. It has a l s o  been observed t h a t  d i r e c t i o n s  of c o a l  c l e a t s  a r e  more 
uniform and ind ica te  l e s s  d i r e c t i o n a l  d i v e r s i t y  than  j o i n t  d i r e c t i o n s  i n  
surrounding rocks.  
Zones of s t r u c t u r a l  weakness i n  the  e a r t h ' s  c r u s t  may be the  cause of 
roof f a l l s  during underground mining of coa l .  Where these  zones a r e  observa- 
b l e  a s  f r a c t u r e s  i n  bedrock exposures,  t h e i r  d i r e c t i o n s  can be measured 
d i r e c t l y  i n  t h e  f i e l d ,  or i f  d i f f i c u l t  f i e l d  condi t ions  e x i s t ,  d i r e c t i o n s  can 
be est imated by the recogni t ion  of lineaments through s tereoscopic  examination 
of a e r i a l  photographs. 
The s t r i k e s  of j o i n t s  occur r ing  i n  bedrock were measured through- 
ou t  t h e  p r o j e c t  a r e a  i n  southwestern Pennsylvania and northwestern 
West V i r g i n i a  t o  compare w i t h  photogeologic methods f o r  c o a l  mining i n v e s t i -  
g a t i o n s .  The procedure formulated f o r  e s t i m a t i n g  zones of s t r u c t u r a l  weakness 
were t o  (1)  d e f i n e  t h e  ou ts tanding  photolineament t r e n d s ,  ( 2 )  p a i r  t h e  t r ends  
i n t o  combinations of fundamental o r  near  or thogonal  systems (two t r e n d s ,  a t  
near  90" t o  each o the r  ) , and (3 )  s e l e c t  a s  t he  e s t ima to r  of s t r u c t u r a l  weak- 
ness  t h e  system o r  systems composed of one t rend  t h a t  i s  t h e  most dominant and 
t h e  o t h e r  t r end  t h a t  i s  the  f i r s t  o r  second most dominant. 
The measurement and a n a l y s i s  of bedrock j o i n t s  i n  t h e  f i e l d  i s  be l i eved  
t o  be t h e  most d i r e c t  and r e l i a b l e  method f o r  determining dominant t r ends  of 
s t r u c t u r a l  weakness. Photolineament a n a l y s i s  through s t e roscop ic  viewing of 
i n f r a r e d  photographs i s  a u s e f u l  s u b s t i t u t e  o r  complementary method, espe- 
c i a l l y  when f i e l d  work i s  d i f f i c u l t  owing t o  weather c o n d i t i o n s ,  rugged t e r -  
r a i n ,  l a c k  of ou t c rops ,  o r  u n a v a i l a b i l i t y  of f i e l d  personnel .  
The Ronchi g r i d  examination of  photoindex shee t s  c l o s e l y  es t imated  t h e  
dominant t r e n d s  of s t r u c t u r a l  weakness. However, l e s s  confidence i s  placed i n  
t h i s  method owing t o  t h e  n e c e s s i t y  of  determining dominancy of  t r ends  
by a v i s u a l  impression of image "s t rength ."  The primary func t ion  of t h e  
Ronchi method i s  f o r  r e l a t i v e l y  f a s t  and inexpensive reconnaissance on a 
r e g i o n a l  b a s i s .  It i s  d e s i r a b l e  f o r  use i n  conjunc t ion  wi th  t h e  a n a l y s i s  of 
bedrock j o i n t  and photolineament da t a  f o r  comprehensive in format ion .  No one 
method i s  i n f a l l i b l e ;  the  t h r e e  complement each o t h e r .  
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TABLE A-3. - Average Ronchi photoindex shee t  lineament t r e n d s ,  by county 
County 
Monongalia ............................. I N 8O E ( N 23" E I N 58" E I N 80" E 
EAST 
- ............................... Marion.. N 6" E N 20" E N 58O E N 78" E 
D i rec t iona lmean  ..................... N l l O E  N 2 5 " E  N 5 6 " E  N 7 8 " E  
NOTE.--Numbered t rends  a r e  arranged wi th in  the  2 d i r e c t i o n a l  groups (west and 
Groups 
e a s t )  by inc reas ing  divergence from nor th  and not  by order of dominance. 
WE ST 
N 73" E 
N 7 9 " E  
Trends i n  the  same v e r t i c a l  column of a group a r e  assumed t o  be cor -  
4 1 1 2 
N 51' E 
N 5 6 " E  
........................... Washington.. 
Greene ................................. 
r e l a t i v e  through the  coun t i e s .  
3 
N 70°W 
N 69" W 
N70°W 
N 73O W 
N71°W 





D i r e c t i o n a l m e a n  .................... 
N l g O  E 
N 1 l O E  
N 24" W 
N 23" W 
N22"W 
N 24" W 
N23"W 
N l o 0  W 
N 8" W 
N 8"W 
N 8" W 
N 9"W 
N 30" E 
N 2 5 " E  
N 45" W 
N 42" W 
N43"W 
N 43" W 
N43"W 
